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Auxiliary donor with overlarge steric hindrance will have smaller tilt angle of dye 

anchored on TiO2 and will lead to more dye loading amount but serious 

intermolecular π-π aggregation effects. 
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ABSTRACT 

Three new D-D-π-A Sensitizers ZHG5, ZHG6 and ZHG7 have been prepared by 

gradually improving the steric hindrance of auxiliary donors and the power conversion 

efficiencies (PCE) are 5.64%, 5.32% and 2.74%. UV-Vis absorption indicates that the 

molar extinction coefficients decrease with the increased steric hindrance of auxiliary 

donors. X-ray photoelectron spectroscopy (XPS) indicates that the tilt angles of ZHG5 

and ZHG6 anchored on the TiO2 film are similar and ZHG7 is almost standing rather 

vertical on the TiO2 film with the smallest tilt angle. The results of dye desorption 

and XPS experiments indicate that the dye loading amount of ZHG6 with larger steric 

hindrance is lower than that of ZHG5, ZHG7 with largest auxiliary donor has the 
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maximum loading amount probably due to its smallest tilt angle. Larger auxiliary donor 

of ZHG6 leads to higher open circuit voltage (Voc = 734 mV) but lower shorter circuit 

current (Jsc = 12.63 mA cm-2) compared with that of ZHG5 (Voc = 730 mV, Jsc = 12.06 

mA cm-2). However, dense packing of dye ZHG7 anchored on the TiO2 leads to more 

serious intermolecular π-π aggregation effects. Perhaps this effect and lowest molar 

extinction coefficient are the reason that DSSC based on ZHG7 have the lowest PCE. 

So above results indicate that auxiliary donor with overlarge steric hindrance will have 

smaller tilt angle of dye anchored on TiO2 and may lead to more dye loading amount but 

serious intermolecular π-π aggregation effects. 

Keywords: Auxiliary donors; D-D-π-A sensitizers; Dye-sensitized solar cells; 

Photovoltaic property. 

*Corresponding author.  

E-mail address: zhenghg@nju.edu.cn (H.-G. Zheng) 

 

1. Introduction 

As result of the growing energy demand and the pollution of fossil fuels, people 

urgently need new energy to replace fossil energy. Dye-sensitized solar cells (DSSCs) as 

a new generation of photovoltaic technology provide a direction to develop new energy, 

so during the last twenty years DSSCs have got tremendous attention since 19911. The 

highest photoelectric conversion efficiencies (PCE) of DSSCs based on   

ruthenium-complexes and Zn-porphyrins are 11.9% and 13%, respectively 2. Although 

these two kinds of sensitizers have made considerable progress, metal-free organic dyes 

are attracting more and more attention in recent years because of their variable structures, 
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simple synthesis and high molar extinction coefficients 3. The highest PCE (14%) of 

DSSC based on pure organic dyes is reported by Minoru Hanaya and co-workers 4. So the 

metal-free dyes have provided more options to improve the performances of DSSCs. 

However the rapid recombination reaction between the mesoporous TiO2 surface and 

electrolyte becomes the one of key limiting factors of improving the DSSCs performance. 

So how to suppress this kind of electron recombination effect becomes the one of main 

research directions. The Hagfeldt and co-workers have reported the dye D35 with 

o,p-dibutoxyphenyl as electron donor and got encouraging results 5. Since then, numbers 

of dyes with bulky donors have been designed to improve the performance of DSSCs. 

For example, Tian and co-workers have reported dye Y422 with bulky indoline-based 

donor and effectively improved the PCE of DSSCs and reached 10.65% 6. These 

excellent works indicate that suppressing the recombination reaction with steric effect to 

improve the DSSCs performance is an effective method. In general, the steric hindrance 

is expanded mainly by introduction of long side chains or increased conjugation or both 7. 

But there are few samples to further improve the steric hindrance of sensitizers by 

introducing propeller auxiliary donor. 

XPS can provide the information about the molecular structure, valence state, 

element composition and chemical bond. The photon beam of XPS only can produce 

little damage to the samples. So XPS is a powerful and suitable tool for investigating the 

adsorption properties of dyes anchored on TiO2 to reveal the possible reasons of different 

device performances. But there are only several documents about investigating the cells 

performance of dyes with different side alky chain by using XPS, so the samples about 

investigating the adsorption properties of dyes with different auxiliary donors on the TiO2 
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film with XPS are fewer. 

Based on the above considerations we have synthesized three new D-D-π-A dyes 

(ZHG5, ZHG6 and ZHG7) based on phenothiazine by adjusting the auxiliary donor as 

shown in Fig 1. The dye ZHG5 has been prepared with alkoxy phenyl as the auxiliary 

donor. The alkoxy naphthalene has been employed to replace the cyclobenzene to 

improve the conjugation of auxiliary donor in dye ZHG6. In order to further improve the 

steric hindrance of auxiliary donor, we have introduced the alkoxy dinaphthalene into the 

dye ZHG7 because of its propeller type structure. 2,3-Diphenylquinoxaline has been 

chosen as the assistant electron-withdrawing unit in three dyes because it can facilitate 

the intramolecular charge transfer (ICT) and improve the light-harvesting ability 8. 

Thiophene is usually thought to have better conjugacy, so it has been introduced into all 

the dyes as part of linkers 9. Cyanoacrylic acid as a kind of effective acceptor has been 

chosen as anchor group in three dyes 10. The different device performances of DSSCs 

based on above sensitizers are investigated by electrochemical, photophysical, and 

photovoltaic characterizations in combination with theoretical calculations. XPS has been 

used to get insight to the adsorption properties and reveals the possible reasons of 

different device performances caused by tuning the auxiliary donors. 

 

2. Experiment section 

2.1. Materials and measurements 

All solvents and reagents were purchased from commercial suppliers and used as 

received unless otherwise specified. N, N-Dimethylformamide were dried and distilled 

from CaH2, toluene and tetrahydrofuran were dried and distilled from Na. 
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The 1HNMR and 13CNMR spectra were recorded on a Bruker DRX (300/400 MHz) 

NMR spectrometer. The mass spectra were measured in EI Mass Spectrometer (LCQ 

Fleet).  

 

2.2. Fabrication of DSSCs 

We cleaned the FTO glass plates (15 Ω per square) with detergent solution in 

ultrasonic bath for 0.5h two times before preparing the TiO2 film by screen printing and 

then washed by water and ethanol. The FTO glass plates were then treated with 40 mM 

TiCl4 (aqueous) at 70oC for 30 min and washed with water and ethanol. The TiO2 films 

were prepared by sintered gradually up to 500°C and kept at this temperature before 

cooling. The TiO2 films were immersed in 40mM TiCl4 at 70oC for 30 min again and 

washed with water and ethanol. Finally the films were sintered at 500oC for 30min. After 

cooling to 25oC, the films were immersed into 0.3 mM ZHG dyes solution in 

THF/ethanol (1:1) for 18 h at room temperature to complete the loading of sensitizers. 

The photoanodes were sealed with platinum counter electrodes by a hot-melt film 

(25-µm-thick Surlyn, Dupont). The electrolytes were introduced to the cells via one 

predrilled hole back in the counter electrodes and thin glass covers by heating with 

electric soldering iron. The I-/I3
- electrolyte consisted of 0.6 M 

1-butyl-3-methylimidazolium iodide (BMII), 30 mM I2, 50 mM LiI, 0.5 M 

tert-butylpyridine and 0.1 M guanidiniumthiocyanate (GuNCS) in a mixed acetonitrile 

and valeronitrile (85:15, V/V) solvent. 

 

2.3. Synthesis and characterization 
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2.3.1. Synthesis of 2-(4-((2-ethylhexyl)oxy)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaboro- 

lane (2a) 

A mixture of compound 1a (10 g, 35.21 mmol), bis(pinacolato)diboron (9.8 g, 38.73 

mmol), Pd(dppf)Cl2 (1.28 g, 1.76 mmol) and AcOK (10 g, 105.63 mmol) in 200 ml 

1,4-dioxane was heated at 100oC overnight under N2. The reaction solution was removed 

under vacuum and water was added. The water phase was then extracted with DCM. 

Combined organic phase was dried by Na2SO4. Column chromatography over silica gel 

with petroleum ether/DCM (4/1) gives out target compound 2a as colourless oil liquid 

(6.39 g, 55%). 1H NMR (300 MHz, CDCl3) δ 7.74 (d, J = 8.7 Hz, 2H), 6.89 (d, J = 8.7 Hz, 

2H), 3.86 (d, J = 5.9 Hz, 2H), 1.72 (dd, J = 6.1, 6.0 Hz, 1H), 1.53 - 1.36 (m, 4H), 1.33 (s, 

16H), 0.96 - 0.87 (m, 6H). 13C NMR (101 MHz, CDCl3) δ 162.08, 136.52, 134.80, 

131.28, 127.72, 113.93, 83.48, 70.26, 39.39, 30.57, 29.12, 24.89, 23.91, 23.09, 14.13, 

11.15. HRMS (EI+): [M+H+] Calcd for C20H33BO3, 333.2596; found, 333.2595. 

 

2.3.2. Synthesis of 3-bromo-7-(4-((2-ethylhexyl)oxy)phenyl)-10-octyl-10H-phenothiazi- 

ne (4a) 

A mixture of compound 2a (6.42 g, 19.94 mmol), 3 (9.35 g, 19.94 mmol), Pd(PPh3)4 

(1.0 g, 0.997 mmol) and K2CO3 (8.3 g, 59.82 mmol) in 165 ml 1,4-dioxane/H2O was 

heated at 100oC overnight under N2. The reaction solution was removed under vacuum 

and water was added. The water phase was then extracted with DCM. Combined organic 

phase was dried by Na2SO4. Column chromatography over silica gel with petroleum 

ether/DCM (20/1) gives out target compound 4a as light yellow oil liquid (5.83 g, 49%). 
1H NMR (400 MHz, CDCl3) δ 7.43 (d, J = 8.6 Hz, 2H), 7.32 (d, J = 7.8 Hz, 2H), 7.28 -  

7.20 (m, 2H), 6.94 (d, J = 8.6 Hz, 2H), 6.89 (d, J = 7.9 Hz, 1H), 6.71 (d, J = 8.5 Hz, 1H), 

3.86 (d, J = 5.6 Hz, 2H), 3.69 (s, 2H), 1.95 - 1.89 (m, 1H), 1.77 - 1.69 (m, 1H), 1.49 - 

1.45 (m, 4H), 1.33 - 1.25 (m, 12H), 0.95 - 0.84 (m, 12H). 13C NMR (101 MHz, CDCl3) δ 

158.87, 144.95, 144.05, 135.69, 132.22, 129.85, 127.82, 127.52, 125.63, 125.38, 116.96, 

116.15, 114.88, 114.40, 70.62, 51.16, 39.46, 35.88, 30.75, 30.61, 29.16, 28.63, 24.05, 

23.95, 23.14, 23.13, 14.18, 14.10, 11.20, 10.55. HRMS (EI+): [M+H+] Calcd for 

C34H44BrNOS, 594.2400; found, 594.2386. 
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2.3.3. Synthesis of 3-(4-((2-ethylhexyl)oxy)phenyl)-10-octyl-7-(4,4,5,5-tetramethyl-1,3,2- 

dioxaborolan-2-yl)-10H-phenothiazine (6a) 

A mixture of compound 4a (4.86 g, 8.14 mmol), bis(pinacolato)diboron (2.17 g, 

8.54 mmol), Pd(dppf)Cl2 (0.3 g, 0.41 mmol) and AcOK (2.4 g, 24.12 mmol) in 100 ml 

1,4-dioxane was heated at 100oC overnight under N2. The reaction solution was removed 

under vacuum and water was added. The water phase was then extracted with DCM. 

Combined organic phase was dried by Na2SO4. Column chromatography over silica gel 

with petroleum ether/DCM (4/1) gives out target compound 6a as light yellow oil liquid 

(4.3 g, 86%). 1H NMR (400 MHz, CDCl3) δ 7.58 (dd, J = 6.8, 1.4 Hz, 2H), 7.44 (d, J = 

8.7 Hz, 2H), 7.33 - 7.28 (m, 2H), 6.96 - 6.91 (m, 2H), 6.88 - 6.85 (m, 2H), 3.86 (dd, J = 

5.8, 1.0 Hz, 2H), 3.76 (d, J = 7.0 Hz, 2H), 1.98 - 1.89 (m, 1H), 1.79 - 1.68 (m, 1H), 1.40 -  

1.25 (m, 28H), 0.96 - 0.81 (m, 12H). 13C NMR (101 MHz, CDCl3) δ 158.77, 148.36, 

143.93, 135.51, 134.04, 132.36, 128.75, 127.49, 125.54, 125.23, 116.08, 115.17, 114.80, 

83.68, 70.59, 39.42, 35.92, 30.74, 30.56, 29.72, 29.11, 28.62, 24.86, 24.02, 23.90, 23.08, 

14.12, 14.04, 11.14, 10.50. HRMS (EI+): [M+H+] Calcd for C40H56BNO3S, 642.4147; 

found, 642.4138. 

 

2.3.4.3-(8-bromo-2,3-diphenylquinoxalin-5-yl)-10-octyl-7-(4-(octyloxy)phenyl)-10H-phen

othiazine (8a) 

A mixture of compound 6a (2.92 g, 4.56 mmol), 7 (2.0 g, 4.56mmol), Pd(PPh3)4 

(0.53 g, 0.456 mmol) and K2CO3 (1.90 g, 13.68 mmol) in 110 ml 1,4-dioxane/H2O was 

heated at 100oC overnight under N2. The reaction solution was removed under vacuum 

and water was added. The water phase was then extracted with DCM. Combined organic 

phase was dried by Na2SO4. Column chromatography over silica gel with petroleum 

ether/DCM (10/1) gives out target compound 8a as red soild. (2.8 g, 70%).1H NMR (400 

MHz, CDCl3) δ 8.08 (d, J = 7.8 Hz, 1H), 7.91 (br, 2H), 7.71 (dd, J = 7.8, 1.5 Hz, 2H), 

7.65 (dd, J = 5.2, 3.2 Hz, 4H), 7.61 - 7.54 (m, 2H), 7.41-7.34 (m, J = 7.8, 6.3 Hz, 9H), 

6.95 (d, J = 8.4 Hz, 2H), 3.88 (d, J = 4.9 Hz, 4H), 2.03-2.00 (m, 1H), 1.76-1.71 (m, 1H), 

1.58 - 1.37 (m, 16H), 1.03 - 0.73 (m, 12H). 13C NMR (101 MHz, CDCl3) δ 158.82, 

154.13, 152.78, 152.39, 139.36, 139.13, 138.98, 138.69, 138.57, 138.53, 137.99, 133.12, 

133.05, 130.30, 130.27, 130.20, 129.91, 129.61, 129.33, 129.17, 128.40, 128.26, 127.54, 
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125.63, 125.43, 124.55, 124.08, 123.76, 122.61, 116.13, 115.26, 114.87, 70.64, 39.47, 

31.53, 30.86, 30.62, 30.29, 29.17, 28.73, 24.16, 23.96, 23.18, 23.15, 14.21, 14.16, 11.23, 

10.65. HRMS (EI+): [M+H+] Calcd for C54H56BrN3OS, 874.3400; found, 874.3398. 

 

2.3.5. Synthesis of the dye ZHG5 

A mixture of compound 8a (2.8 g, 3.2 mmol), 9 (1.0 g, 6.4 mmol), Pd(PPh3)4 (0.4 g, 

0.32 mmol) and K2CO3 (1.4 g, 9.6 mmol) in 110 ml 1,4-dioxane/H2O was heated at 

100oC overnight under N2. The reaction solution was removed under vacuum and water 

was added. The water phase was then extracted with DCM. Combined organic phase was 

dried by Na2SO4. Column chromatography over silica gel with petroleum ether/DCM 

(2/1) gives out 1.0 g target compound 10a as red soild and the yield is 34%. A mixture of 

compound 10a (1 g, 1.1 mmol), cyanoacetic acid (1.9 g, 22 mmol) and NH4OAc (2.5 g, 

33 mmol) in 30 ml CH3COOH solution was heated at 120oC overnight under N2. The 

reaction solution was removed under vacuum and water was added. The water phase was 

then extracted with DCM. Combined organic phase was dried by Na2SO4. Column 

chromatography over silica gel with petroleum ether/DCM (1/1) gave out 0.23 g ZHG5 

dye as dark red solid and the yield is 22%. 1H NMR (400 MHz, DMSO) δ 8.53 (d, J = 8.0 

Hz, 1H), 8.25 (s, 1H), 8.13 (d, J = 3.8 Hz, 1H), 8.02 (d, J = 7.9 Hz, 1H), 7.87 - 7.79 (m, 

4H), 7.76 (d, J = 8.2 Hz, 1H), 7.58 (dd, J = 7.3, 5.6 Hz, 4H), 7.47 (d, J = 6.6 Hz, 2H), 

7.45 - 7.41 (m, 3H), 7.39 - 7.33 (m, 3H), 7.22 (d, J = 8.6 Hz, 1H), 7.14 (d, J = 9.2 Hz, 

1H), 7.00 (d, J = 8.7 Hz, 2H), 3.89 (d, J = 5.6 Hz, 4H), 2.04 – 1.88 (m, 3H), 1.77 - 1.63 

(m, 1H), 1.46 - 1.29 (m, 14H), 0.91 - 0.82 (m, 12H). 13C NMR (101 MHz, D8-THF) δ 

159.36, 145.74, 144.65, 139.60, 139.29, 138.74, 135.79, 132.70, 132.35, 131.33, 130.51, 

129.90, 128.94, 128.31, 127.59, 126.68, 126.41, 125.58, 125.11, 116.61, 115.27, 114.07, 

70.56, 40.10, 32.38, 31.06, 30.15, 29.82, 29.59, 29.10, 23.51, 23.07, 13.97, 11.04, 10.44. 

MS (MALDI-Tof): Calcd. for C62H60N4O3S2, 972.410; found, 971.581. 

 

2.3.6. Synthesis of 2-(6-((2-ethylhexyl)oxy)naphthalen-2-yl)-4,4,5,5-tetramethyl-1,3,2- 

dioxaborolane (2b) 

The synthetic procedure was similar to that of 2a. Column chromatography over 

silica gel with petroleum ether/DCM (6/1) gives out target compound 2b as colourless oil 
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liquid (4.9 g 52%). 1H NMR (300 MHz, CDCl3) δ 8.28 (s, 1H), 7.78 (t, J = 8.2 Hz, 2H), 

7.70 (d, J = 8.2 Hz, 1H), 7.18 - 7.07 (m, 2H), 3.97 (d, J = 5.7 Hz, 2H), 1.87 - 1.72 (m, 

1H), 1.57 (d, J = 6.2 Hz, 4H), 1.41 - 1.33 (m, 16H), 1.00 - 0.84 (m, 6H). 13C NMR (101 

MHz, CDCl3) δ 158.40, 136.61, 136.07, 131.31, 131.11, 130.15, 128.35, 125.92, 119.15, 

106.38, 83.78, 70.49, 39.43, 30.68, 29.18, 24.97, 24.02, 23.13, 14.18, 11.23. HRMS (EI+): 

[M+H+] Calcd for C24H35BO3, 383.2750; found, 383.2758.  

 

2.3.7. Synthesis of 3-bromo-10-(2-ethylhexyl)-7-(6-((2-ethylhexyl)oxy)naphthalen-2-yl)- 

10H-phenothiazine (4b) 

The synthetic procedure was similar to that of 4a. Column chromatography over 

silica gel with petroleum ether/DCM (20/1) gives out target compound 4b as light yellow 

oil liquid (5.1 g, 49%). 1H NMR (400 MHz, CDCl3) δ 7.87 (s, 1H), 7.74 (d, J = 8.6 Hz, 

2H), 7.62 (dd, J = 8.5, 1.6 Hz, 1H), 7.47 (d, J = 7.9 Hz, 2H), 7.28 (d, J = 2.2 Hz, 1H), 

7.23 (dd, J = 6.6, 2.0 Hz, 1H), 7.19 - 7.10 (m, 2H), 6.93 (d, J = 8.1 Hz, 1H), 6.71 (d, J = 

8.6 Hz, 1H), 3.96 (d, J = 5.1 Hz 2H), 3.71 (s, 2H), 2.03-1.91 (m, 1H), 1.71-1.68 (m, 1H), 

1.46 - 1.42 (m, 16H), 0.99 - 0.85 (m, 12H). 13C NMR (101 MHz, CDCl3) δ 157.54, 

144.89, 144.43, 135.88, 134.87, 133.77, 129.90, 129.87, 129.53, 129.13, 127.79, 127.27, 

126.11, 126.07, 125.51, 125.44, 124.85, 119.65, 117.01, 116.24, 114.49, 106.39, 70.61, 

51.19, 39.45, 35.91, 30.75, 30.69, 29.20, 28.64, 24.05, 24.04, 23.16, 23.14, 14.20, 14.11, 

11.25, 10.56. HRMS (EI+): [M+H+] Calcd for C38H46BrNOS, 644.2566; found, 

644.2555. 

 

2.3.8. Synthesis of 10-(2-ethylhexyl)-3-(6-((2-ethylhexyl)oxy)naphthalen-2-yl)-7-(4,4, 

5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-10H-phenothiazine (6b) 

The synthetic procedure was similar to that of 6a. Column chromatography over 

silica gel with petroleum ether/DCM (4/1) gives out 2.8 g target compound 6b as light 

yellow oil liquid. The yield is 51%. 1H NMR (400 MHz, CDCl3) δ 7.89 (s, 1H), 7.79 - 

7.70 (m, 2H), 7.64 - 7.59 (m, 3H), 7.46 (d, J = 8.0 Hz, 2H), 7.15 (dd, J = 7.6, 5.2 Hz, 2H), 

6.94 (d, J = 8.2 Hz, 1H), 6.88 (d, J = 8.1 Hz, 1H), 3.97 (d, J = 5.5 Hz, 2H), 3.78 (d, J = 

5.3 Hz, 2H), 1.98 - 1.94 (m, 1H), 1.85 - 1.75 (m, 1H), 1.64 - 1.34 (m, 16H), 1.33 (s, 12H), 

0.99 - 0.85 (m, 12H). 13C NMR (101 MHz, CDCl3) δ 157.47, 148.33, 144.33, 135.72, 
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135.02, 134.12, 133.70, 129.52, 129.12, 127.20, 126.29, 126.00, 125.74, 125.48, 124.79, 

119.57, 116.21, 115.25, 106.37, 83.72, 70.59, 51.10, 39.43, 35.97, 30.77, 30.66, 29.76, 

29.17, 28.65, 24.89, 24.05, 23.13, 14.17, 14.09, 11.22, 10.54. HRMS (EI+): [M+H+] 

Calcd for C44H58BNO3S, 692.4303; found, 692.4305. 

 

2.3.9. Synthesis of 3-(8-bromo-2,3-diphenylquinoxalin-5-yl)-10-(2-ethylhexyl)-7-(6-((2- 

ethylhexyl)oxy)naphthalen-2-yl)-10H-phenothiazine (8b) 

The synthetic procedure was similar to that of 8a. Column chromatography over 

silica gel with petroleum ether/DCM (10/1) gives out 0.8 g target compound 8b as red 

soild. The yield is 60%. 1H NMR (400 MHz, CDCl3) δ 8.08 (d, J = 7.9 Hz, 1H), 7.91 (s, 

1H), 7.76 (d, J = 8.6 Hz, 2H), 7.73 - 7.62 (m, 6H), 7.59 (dd, J = 7.8, 1.5 Hz, 2H), 7.55 -  

7.46 (m, 2H), 7.43 - 7.26 (m, 6H), 7.20 - 7.12 (m, 2H), 7.01 (m, 2H), 3.97 (d, J = 5.5 Hz, 

2H), 3.85 (s, 2H), 2.10 - 2.01 (m, 1H), 1.79 (dd, J = 12.2, 6.1 Hz, 1H), 1.53 - 1.31 (m, 

16H), 0.98 - 0.87 (m, 12H). 13C NMR (101 MHz, CDCl3) δ 157.53, 154.09, 152.77, 

152.40, 151.11, 145.50, 144.51, 139.34, 139.15, 138.91, 138.73, 138.62, 138.57, 138.03, 

135.65, 135.03, 133.76, 133.13, 131.65, 130.36, 130.25, 129.97, 129.62, 129.38, 129.19, 

128.42, 128.30, 127.30, 126.08, 125.93, 125.53, 124.87, 123.78, 122.70, 119.64, 116.27, 

115.35, 106.46, 70.66, 39.51, 31.61, 30.92, 30.76, 30.39, 29.28, 28.81, 24.23, 24.11, 

23.25, 14.33, 14.27, 11.36, 10.76. HRMS (EI+): [M+H+] Calcd for C58H58BrN3OS, 

924.3557; found, 924.3561. 

 

 

2.3.10. Synthesis of the dye ZHG6 

A mixture of compound 8b (0.80 g, 0.86 mmol), 9 (0.27 g, 1.72 mmol), Pd(PPh3)4 

(0.10 g, 0.09 mmol) and K2CO3 (0.36 g, 2.6 mmol) in 110 ml 1,4-dioxane/H2O was 

heated at 100oC overnight under N2. The reaction solution was removed under vacuum 

and water was added. The water phase was then extracted with DCM. Combined organic 

phase was dried by Na2SO4. Column chromatography over silica gel with petroleum 

ether/DCM (2/1) gives out 0.62 g target compound 10b as red solid and the yield is 75%. 

A mixture of compound 10b (0.42 g, 0.44 mmol), cyanoacetic acid (0.75 g, 8.83 mmol) 

and NH4OAc (1.02 g, 13.2 mmol) in 30 ml CH3COOH solution was heated at 120oC 
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overnight under N2. The reaction solution was removed under vacuum and water was 

added. The water phase was then extracted with DCM. Combined organic phase was 

dried by Na2SO4. Column chromatography over silica gel with petroleum ether/DCM 

(1/1) gave out 0.21 g ZHG6 dye as dark red solid and the yield is 47%. 1H NMR (400 

MHz, DMSO) δ 8.51 (d, J = 7.7 Hz, 1H), 8.12 (d, J = 17.5 Hz, 3H), 8.02 (d, J = 7.8 Hz, 

1H), 7.98 - 7.71 (m, 8H), 7.63 (dd, J = 24.1, 7.4 Hz, 4H), 7.54 - 7.30 (m, 7H), 7.30 - 7.09 

(m, 3H), 3.99 (d, J = 5.0 Hz, 2H), 3.91 (s, 2H), 1.94 (s, 1H), 1.76 (s, 1H), 1.50 - 1.24 (m, 

16H), 1.00 - 0.72 (m, 12H). 13C NMR (101 MHz, D8-THF) δ 157.49, 151.33, 145.20, 

139.39, 138.03, 136.64, 135.41, 134.79, 133.95, 131.96, 130.23, 129.48, 129.40, 128.57, 

127.89, 127.43, 127.26, 126.15, 125.58, 125.07, 124.62, 124.32, 119.17, 116.26, 115.08, 

106.18, 70.13, 50.73, 39.59, 36.22, 31.34, 30.37, 29.71, 29.24, 28.62, 25.23, 24.19, 23.13, 

23.05, 22.61, 13.52, 10.61, 10.00. MS (MALDI-Tof): Calcd. for C66H62N4O3S2, 1022.426; 

found, 1022.661. 

 

2.3.11. Synthesis of 2-(2,2'-bis((2-ethylhexyl)oxy)-[1,1'-binaphthalen]-6-yl)-4,4,5,5-tetra- 

methyl-1,3,2-dioxaborolane (2c) 

The synthetic procedure was similar to that of 2a, Column chromatography over 

silica gel with petroleum ether/DCM (6/1) gives out 7.3 g target compound 2c as 

colourless oil liquid. The yield is 65%. 1H NMR (300 MHz, CDCl3) δ 8.38 (s, 1H), 7.94 

(dd, J = 9.0, 9.0 Hz, 2H), 7.83 (d, J = 8.1 Hz, 1H), 7.54 (dd, J = 8.5, 1.0 Hz, 1H), 7.37 (dd, 

J = 8.9, 4.1 Hz, 2H), 7.31 - 7.26 (m, 1H), 7.21 - 7.09 (m, 3H), 3.86 - 3.68 (m, 4H), 1.36 (s, 

12H), 1.33 - 1.21 (m, 6H), 0.95 - 0.85 (m, 12H), 0.76 – 0.64 (m, 6H), 0.62 - 0.50 (m, 6H). 
13C NMR (101 MHz, CDCl3) δ 155.65, 154.67, 136.44, 136.07, 134.32, 130.55, 129.93, 

129.16, 128.93, 128.51, 127.70, 125.94, 125.48, 124.61, 123.24, 120.51, 120.34, 115.51, 

115.40, 114.99, 83.66, 71.90, 71.52, 71.38, 39.58, 39.49, 30.30, 28.96, 28.77, 24.89, 

23.60, 23.48, 22.86, 14.02, 10.97. HRMS (EI+): [M+H+] Calcd for C42H57BO4, 637.4423; 

found, 637.4428. 

 

2.3.12. Synthesis of 3-(2,2'-bis((2-ethylhexyl)oxy)-[1,1'-binaphthalen]-6-yl)-7-bromo-10- 

(2-ethylhexyl)-10H-phenothiazine (4c) 

The synthetic procedure was similar to that of 4a, column chromatography over 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

12

silica gel with petroleum ether/DCM (20/1) gives out 5.1 g target compound 4c as light 

yellow oil liquid. The yield is 49%. 1H NMR (300 MHz, CDCl3) δ 8.00 - 7.89 (m, 3H), 

7.85 (d, J = 8.2 Hz, 1H), 7.46 (d, J = 5.8 Hz, 2H), 7.39 (d, J = 9.0 Hz, 3H), 7.29-7.28 (m, 

2H), 7.23 - 7.20 (m, 4H), 6.93 (d, J = 9.0 Hz, 1H), 6.73 (d, J = 8.8 Hz, 1H), 3.89 - 3.63 

(m, 6H), 1.51 - 1.29 (m, 8H), 0.93-0.86 (m, 25H), 0.77 - 0.64 (m, 6H), 0.64 – 0.52 (m, 

6H). 13C NMR (101 MHz, CDCl3) δ 154.82, 154.70, 154.67, 144.92, 144.34, 136.09, 

134.56, 134.33, 133.47, 129.87, 129.42, 129.21, 129.05, 127.84, 127.78, 126.19, 126.11, 

126.05, 125.52, 125.41, 125.13, 124.93, 123.31, 120.59, 120.51, 116.99, 116.19, 115.91, 

115.87, 115.44, 114.44, 71.87, 71.70, 51.20, 39.55, 35.89, 30.74, 30.38, 30.31, 30.28, 

29.77, 29.00, 28.84, 28.62, 24.04, 23.63, 23.52, 23.11, 22.93, 22.90, 22.89, 14.08, 11.04, 

11.00, 10.96, 10.93, 10.54. HRMS (EI+): [M+H+] Calcd for C56H68BrNO2S, 898.4227; 

found, 898.4216. 

 

 

2.3.13.Synthesis of 3-(2,2'-bis((2-ethylhexyl)oxy)-[1,1'-binaphthalen]-6-yl)-10-(2-ethyl- 

hexyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-10H-phenothiazine (6c) 

The synthetic procedure was similar to that of 6a. Column chromatography over 

silica gel with petroleum ether/DCM (4/1) gives out 6.3 g target compound 6c as light 

yellow oil liquid. The yield is 45%. 1H NMR (400 MHz, CDCl3) δ 7.99 - 7.88 (m, 3H), 

7.84 (d, J = 8.1 Hz, 1H), 7.64 - 7.55 (m, 2H), 7.47 – 7.36 (m, 5H), 7.31 – 7.27 (m, 1H), 

7.22 - 7.20 (m, 3H), 6.92 (d, J = 8.4 Hz, 1H), 6.87 (d, J = 8.0 Hz, 1H), 3.85 - 3.72 (m, 

6H), 2.01 - 1.90 (m, 1H), 1.48 - 1.36 (m, 4H), 1.34 - 1.22 (m, 18H), 1.01 - 0.82 (m, 22H), 

0.73 - 0.68 (m, 6H), 0.62 - 0.52 (m, 6H). 13C NMR (101 MHz, CDCl3) δ 154.75, 154.68, 

148.35, 144.23, 135.91, 134.72, 134.32, 134.06, 133.41, 129.43, 129.19, 129.00, 127.73, 

126.17, 126.11, 126.01, 125.72, 125.52, 125.17, 124.86, 124.76, 123.28, 120.54, 116.14, 

115.88, 115.44, 115.21, 83.70, 71.87, 71.70, 51.08, 39.53, 35.93, 30.75, 30.35, 30.29, 

30.26, 29.74, 28.98, 28.82, 28.63, 24.87, 24.04, 23.61, 23.50, 23.09, 22.90, 22.88, 14.06, 

14.03, 11.01, 10.97, 10.93, 10.90, 10.52. HRMS (EI+): [M+H+] Calcd for C62H80BNO4S, 

946.5974; found, 946.5981. 
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2.3.14. Synthesis of 3-(8-bromo-2,3-diphenylquinoxalin-5-yl)-7-(4-((2-ethylhexyl)oxy)- 

phenyl)-10-octyl-10H-phenothiazine (8c) 

The synthetic procedure was similar to that of 8a, column chromatography over 

silica gel with petroleum ether/DCM (9/1) gives out 0.8 g target compound 8c as red 

soild. The yield is 60%.1H NMR (400 MHz, CDCl3) δ 8.08 (d, J = 7.8 Hz, 1H), 7.96 - 

7.91 (m, 3H), 7.85 (d, J = 8.1 Hz, 1H), 7.74 - 7.61 (m, 5H), 7.59 (dd, J = 7.8, 1.5 Hz, 2H), 

7.51 (s, 1H), 7.44 - 7.34 (m, 7H), 7.32 - 7.27 (m, 4H), 7.22 (s, 3H), 6.99 (br, 2H), 4.01 - 

3.64 (m, 6H), 2.04 (s, 1H), 1.49 - 1.43 (m, 2H), 1.37 - 1.25 (m, 8H), 1.02 - 0.86 (m, 22H), 

0.75 - 0.67 (m, 6H), 0.62 - 0.54 (m, 6H). 13C NMR (101 MHz, CDCl3) δ 154.83, 154.77, 

152.79, 152.42, 145.56, 144.45, 139.16, 139.01, 138.74, 138.59, 138.54, 135.88, 134.95, 

134.82, 134.41, 133.51, 133.09, 131.58, 130.30, 130.22, 129.91, 129.53, 129.43, 129.36, 

129.28, 129.19, 129.10, 128.40, 128.28, 127.85, 126.21, 126.13, 125.93, 125.59, 125.29, 

124.98, 123.38, 122.64, 120.66, 120.60, 116.20, 115.94, 115.49, 115.30, 71.92, 71.75, 

51.17, 39.62, 36.06, 30.89, 30.46, 30.39, 30.35, 29.07, 28.91, 28.76, 24.19, 23.72, 23.60, 

23.21, 23.01, 22.97, 14.19, 14.14, 11.13, 11.09, 11.04, 11.00, 10.69. HRMS (EI+): 

[M+H+] Calcd for C76H80BrN3O2S, 1178.5227; found, 1178.5211. 

 

 

2.3.15. Synthesis of the dye ZHG7 

A mixture of compound 8c (2.75 g, 2.54 mmol), 9 (0.80 g, 5.08 mmol), Pd(PPh3)4 

(0.30 g, 0.25 mmol) and K2CO3 (1.06 g, 7.62 mmol) in 110 ml 1,4-dioxane/H2O was 

heated at 100oC overnight under N2. The reaction solution was removed under vacuum 

and water was added. The water phase was then extracted with DCM. Combined organic 

phase was dried by Na2SO4. Column chromatography over silica gel with petroleum 

ether/DCM (2/1) gives out 1.2 g target compound 10c as red soild and the yield is 39%. A 

mixture of compound 10c (0.21 g, 0.19 mmol), cyanoacetic acid (0.32 g, 3.78 mmol) and 

NH4OAc (0.44 g, 5.67 mmol) in 30 ml CH3COOH solution was heated at 120oC 

overnight under N2. The reaction solution was removed under vacuum and water was 

added. The water phase was then extracted with DCM. Combined organic phase was 

dried by Na2SO4. Column chromatography over silica gel with petroleum ether/DCM 

(1/1) gave out 0.089 g ZHG7 dye as dark red solid and the yield is 21%. 1H NMR (400 
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MHz, DMSO) δ 8.52 (d, J = 8.0 Hz, 1H), 8.22 (d, J = 8.0 Hz, 3H), 8.10 (dd, J = 9.1, 4.0 

Hz, 2H), 8.03 (d, J = 9.1 Hz, 2H), 7.93 (d, J = 8.0 Hz, 1H), 7.89 – 7.67 (m, 5H), 7.67 – 

7.51 (m, 6H), 7.50 - 7.07 (m, 10H), 7.02 (d, J = 8.4 Hz, 2H), 3.96 - 3.76 (m, 6H), 2.24 - 

2.11 (m, 1H), 2.04 - 1.86 (m, 2H), 1.53 - 1.43 (m, 8H), 0.97 - 0.80 (m, 22H), 0.68 - 0.54 

(m, 12H). 13C NMR (101 MHz, D8-THF) δ 155.17, 151.67, 139.89, 138.86, 136.50, 

134.79, 130.86, 130.13, 129.82, 129.49, 128.80, 128.03, 126.33, 126.14, 124.78, 123.41, 

120.76, 119.66, 119.06, 116.62, 115.75, 71.62, 51.18, 40.14, 36.60, 33.86, 32.78, 30.44, 

30.20, 30.50, 29.08, 29.03, 26.92, 24.75, 24.60, 24.40, 24.07, 23.93, 23.46, 23.27, 23.23, 

23.04, 19.61, 13.94, 13.90, 10.96, 10.90, 10.89, 10.44. MS (MALDI-Tof): Calcd. for 

C84H84N4O4S2, 1276.593; found, 1276.876.  

 

3. Results and discussion  

3.1. UV-Vis absorption properties 

All the dyes are synthesized according to the routes shown in Scheme 1. In order to 

investigate their light-harvesting ability, we have carried out the test of UV absorption 

spectra of dyes in THF with 1 µM as shown in Fig. 2a. From the corresponding data 

collected in Table 1, we can see that the lowest energy absorption peak of ZHG5, ZHG6 

and ZHG7 is 471 nm, 466 nm and 472 nm, respectively. These absorption bands around 

466 - 472 nm can be ascribe to intramolecular charge transfer (ICT) from donor to 

acceptor along with π-π* transition 11. The molar extinction coefficients of ZHG5, 

ZHG6 and ZHG7 are 1.98 × 104, 1.77 × 104 and 1.57 × 104 M-1 cm-1, respectively. The 

UV absorption spectra of dyes in DCM and DMF are also carried out as shown in Fig. S1 

and the corresponding data has been collected in Table S1. From the table, we can see 

that the kinds of solution have impacts on the absorption regions because the absorption 

bands are around 483-486 nm in DCM and 463-466 nm in DMF. The molar extinction 

coefficients also have been affected by the kinds of solution as shown in Table S1 and 
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they are 1.74 × 104, 1.61 × 104 and 1.31 × 104 M-1 cm-1for three dyes in DCM, 1.95× 104, 

1.81× 104 and 1.41× 104 M-1 cm-1 for three dyes in DMF. Above results indicate that 

adjusting the auxiliary donor does not have significant influence on the absorption range 

of dyes but has impact on the absorption relative intensities. We also investigate the 

absorption properties of dyes anchored on the 12 µm thick nanocrystalline TiO2 

transparent film (particle size, 20 nm) as shown in Fig. 2b. From the data collected in the 

Table 1, it can note that compared with the maximum absorption peaks in the solution, 

there are 20 nm, 31nm and 27 nm red-shift for ZHG5, ZHG6 and ZHG7, respectively. 

This red-shift could be ascribed to the J-aggregate and it facilitates the absorption range 

up to 700 nm which is thought to be helpful for light-harvesting 12.  

 

3.2. Electrochemical properties 

In order to investigate the feasibility of electron transfer from the excited dyes to the 

conduction band of TiO2 and the dye regeneration by redox electrolyte, the cyclic 

voltammetry has been carried out in the THF solution as shown in Fig 3. From the 

parameters collected in the Table 1, we can see that the redox potentials correspond to the 

highest occupied molecular orbital (HOMO) energy levels of ZHG5, ZHG6 and ZHG7 

are 1.28, 1.31 and 1.30 v vs NHE, respectively. These ground state oxidation potentials 

are all more positive than the redox potential of I-/I3
- (0.4 V vs NHE) which indicates that 

there are enough driving forces for the dyes regeneration as shown in Fig. S2. The band 

gap energies (E0-0) of ZHG5, ZHG6 and ZHG7 derived from the absorption thresholds 

are 2.10, 2.16 and 2.12 V, respectively. Subtracting the E0-0 from the EHOMO, we can get 

the lowest unoccupied molecular orbital (LUMO) energy levels of ZHG5, ZHG6 and 
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ZHG7 and they are -0.82, -0.85 and -0.82 V. All the LUMO levels are negative than that 

of the TiO2 conduction band (-0.5 V vs. NHE), indicating enough power for the electron 

injection from the excited dyes to the TiO2 conduction band. Therefore, all the three dyes 

could be the qualified candidates for DSSCs in theory 13.      

 

3.3. Theoretical calculations 

The electron distribution and molecular structures are investigated with density 

functional theory (DFT) calculations at the DFT B3LYP/LanL2DZ level with the 

Gaussian 09 suite of programs 14. From the Fig. S3, we can see that the HOMO of ZHG5 

is mainly delocalized between auxiliary donor and quinoxaline. When the cyclobenzene 

is replaced by the naphthalene in ZHG6, the HOMO range has been further expanded. 

However, compared with ZHG6, the HOMO range of ZHG7 is very similar with that of 

ZHG6 when binaphthalene is adopted as auxiliary donor. The HOMO is just expand to 

one of the naphthalene rings and the other one does not have electron distribution which 

can be ascribe to the propeller type structure of binaphthalene. Although there is no 

electron distribution in the hanging naphthalene, it can effectively improve the steric 

hindrance. All LUMOs of these three sensitizers are delocalized between quinoxaline and 

the cyanoacrylic acid. The two benzene rings of 2,3-diphenylquinoxaline just have a little 

electron distribution which can be ascribe to the large torsion degree. These two non- 

coplanar cyclobenzenes can provide large steric effect and are beneficial for suppressing 

intermolecular dye aggregation. In general, the excellent overlap of HOMOs and LUMOs 

in three dyes will be helpful for the ICT from the donors to the acceptors 15. 
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3.4. Photovoltaic performance 

All the DSSCs based on these three dyes have been tested under AM 1.5G 

irradiation (100 mW cm−2) with I-/I3
- redox electrolyte and get their photocurrent 

density-voltage (J-V) curves as shown Fig. 4a. From the corresponding data collected in 

the Table 2, it can note that the modifying the auxiliary donors can produce obvious 

impact on the performance of DSSCs. DSSC based on the ZHG5 has the highest power 

conversion efficiency (PCE) of 5.64% at AM 1.5 G simulated sunlight, with the short 

circuit current density Jsc = 12.63 mA cm-2, open circuit voltage Voc = 730 mV and FF = 

0.61. When the cyclobenzene has been replaced by the naphthalene in the ZHG6, there is 

a little improvement of Voc (734 mV), but the Jsc has decreased by 4.5%, only about 12.06 

mA cm-2 and finally the PCE is decreased to 5.32%. The improvement of Voc in the DSSC 

based on ZHG6 encourages us to further increase the steric hindrance by introducing the 

dinaphthalene to get higher Voc. To our surprise, the cell PCE further reduces to 2.74% 

with Jsc = 7.12 mA cm-2, Voc = 706 mV. In order to understand the order of Jsc, incident 

photon-to-current conversion efficiencies (IPCE) have been carried out. From the Fig. 4b, 

it can note that the IPCE of all the DSSCs based on these three dyes have the similar 

absorption range from 300 nm to 700 nm. Compared with the ZHG6, the IPCE value of 

ZHG5 is a little higher than that of ZHG6 from the 400 nm to 550 nm and both of them 

are much higher than the IPCE of ZHG7 over the whole absorption range. So the Jsc 

values of DSSCs based on these dyes increase in the order of ZHG5 > ZHG6 > ZHG7. 

Electrochemical impedance measurements under the dark with -0.7 V bias have 

been carried out to investigate the electron recombination effect of the cell devices and 

get insight to the open circuit voltage 16. In general, the larger semicircle of the Nyquist 
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plot in the high frequency region represents the charge recombination resistance (Rrec) at 

the photoanode/dye/electrolyte interface. The smaller semicircle corresponds to electron 

transport at the Pt/electrolyte. From the Fig. 5a, it can note that the Rrec value of DSSC 

based on dye ZHG6 is higher than that of ZHG5, and the Rrec of ZHG7 is the smallest. 

So the Rrec increases in the order of ZHG6 > ZHG5 >ZHG7. This order is the same as 

the open circuit voltage. The lifetimes have been calculated with the formula τ = 1/(2πf) 

from the Bode plots as shown in Fig. 5b. Because the f values of ZHG5，ZHG6 and 

ZHG7 from the Bode plots are 2.69 Hz, 2.37 Hz and 2.86 Hz, respectively. So the 

lifetimes of ZHG5, ZHG6 and ZHG7 are 59.19 ms, 67.19 ms and 55.67 ms, respectively. 

Longer lifetimes correspond to lower current in the dark of DSSCs and the order of 

lifetimes is also consist with that of Voc 
17.  

 

4. Surface adsorption properties 

  In order to investigate the different performances caused by tuning the 

auxiliary donors, the XPS has been used to investigate the adsorption properties of 

dyes anchored on the TiO2 surface 18. The sensitizers loading amount of all DSSCs 

have been investigated by the dye desorption measurements before the XPS test. 

From the collected data in the Table 3, it can note that the adsorption capacities of 

ZHG5, ZHG6 and ZHG7 are 7.6 × 10-6, 5.6 × 10-6 and 8.3 × 10-6 mol cm-2. When 

the value of ZHG5 is set to 1, the relative value of ZHG6 and ZHG7 is 0.74 and 

1.09. The relative loading amounts of ZHG dyes anchored on TiO2 also have been 

measured with XPS by comparing the intensity of the S2p core level and the 

Ti2p3/2 level as shown in Fig. 6a. From the data summarized in the Table 3, we can 
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see that when the value of ZHG5 is set to 1, the relative value of ZHG6 and 

ZHG7 is 0.9 and 2.0. The relative values measured by the above two methods are 

consistent and indicate that the dyes loading amount increases in the order of 

ZHG7 > ZHG5 >ZHG6. In order to understand this phenomenon, we have 

carefully compared the Ti2p3/2 intensity (I) damping of the TiO2 film anchored by 

the corresponding sensitizers with the intensity (I0) damping of blank TiO2 film as 

summarized in Table S1 (ESI†) and got the mean thickness (d) of dye coverage. 

From Fig. 6b, it can note that the Ti2p3/2 intensity of TiO2 covered by sensitizers is 

apparent lower than that of blank TiO2 sample, especially for the dye with 

dinaphthalene. If the dye layers are homogeneous and all TiO2 samples only have 

small amount of contaminants, the mean thickness (d) can be calculated by a 

two-layer model I/I0 = exp(-d/λsinα) where λ is the inelastic mean free path (IMFP) 

of electrons in dye molecules, α is the electron take-off angle of 45o. The IMFP of 

ZHG5, ZHG6 and ZHG7 is 25.95 Å, 30.25 Å and 30.37 Å, respectively 19. So we 

can get the mean thickness of dye coverage for ZHG5, ZHG6 and ZHG7, their 

values are 12.81 Å, 13.44 Å and 27.24 Å, respectively 20. Considering the 

molecular size we can conclude that the ZHG7 dye on the TiO2 film is almost 

standing rather vertical on the TiO2 film with the smallest tilt angles and the tilt 

angles of ZHG5 and ZHG6 are almost similar. Because the anchored modes of 

ZHG5 and ZHG6 on the TiO2 are similar, the lower dye loading amount of ZHG6 

can be ascribe to larger steric hindrance of auxiliary donor. The lower IPCE value 

of ZHG6 compared with that of ZHG5 from the 400 nm to 500 nm can be ascribe 

to the lower molar extinction coefficient and dye loading amount and finally leads to 
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lower Jsc. Although the ZHG7 has auxiliary donor with the maximal steric hindrance, it 

still has the highest dye loading amount probably due to the smallest tilt angle. 

This is in accord with the result found by Anders Hagfeldt et al.,21 where the larger 

tilt angle found for the LEG4 dye with respect to the TiO2-surface normal 

compared to the other dyes is likely to result in less efficient packing of the dye 

molecules. Dense packing of dye ZHG7 anchored on the TiO2 leads to more 

serious intermolecular π-π aggregation effect and we also carry out the test of cell 

performance based on ZHG7 with chenodeoxycholic acid (CDCA). From the data 

collected in Table 2 and Fig. S4, we can see that PCE is improved to 3.37% with Jsc = 

9.17 mA cm-2, Voc = 693mV. So the addition of co-adsorbent is good for improving the 

cell performance of ZHG7 dye. So perhaps the π-π aggregation effect and lowest 

molar extinction coefficient are the reasons that DSSC based on ZHG7 has the poor 

performance.    

 

5. Conclusion 

Three novel D-D-π-A Sensitizers ZHG5, ZHG6 and ZHG7 have been prepared by 

gradually improving the steric hindrance of auxiliary donors. The DSSCs based on these 

three dyes have been carefully investigated by the electrochemical, photophysical, 

photovoltaic characterizations and XPS in combination with theoretical calculations. XPS 

indicates that the tilt angles of ZHG5 and ZHG6 anchored on the TiO2 film are similar 

and ZHG7 is almost standing rather vertical on the TiO2 film with the smallest tilt 

angle. Dye desorption experiment and XPS indicate that the dye loading amount of 

ZHG6 is lower than ZHG5 due to the larger steric hindrance and ZHG7 with largest 
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auxiliary donor has the maximum loading amount probably due to the smallest tilt angle. 

Larger auxiliary donor of ZHG6 can lead to higher open circuit voltage but lower shorter 

circuit current (Jsc = 12.63 mA cm-2) compared with that of ZHG5. However, dense 

packing of dye ZHG7 anchored on the TiO2 leads to more serious intermolecular 

π-π aggregation effects and perhaps this effect and lowest molar molecular extinction 

coefficient are the reason that DSSC based on ZHG7 have the poor performance. So 

above results indicate that auxiliary donor with overlarge steric hindrance will have 

smaller tilt angle of dye anchored on TiO2 and may lead to more dye loading amount but 

serious intermolecular π-π aggregation effects. We think that this result can provide some 

enlightenment for the future research of the structure-activity relationship of dyes. 
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Table 1 Absorption and electrochemical paramaters of dyes 

Dye 
λmax

a/nm 
(ε×104M-1 cm-1) 

λmax
b/nm Eox

c/V 
(vs. NHE) 

E0-0
d/eV 

Ered
e/V 

(vs. NHE) 
ZHG5 471 (1.98) 491 1.28 2.10 -0.82 
ZHG6 466 (1.77) 497 1.31 2.16 -0.85 
ZHG7 472 (1.57) 499 1.30 2.12 -0.82 
a Absorption maximum in 1 × 10-6 M THF solution. b Absorption maximum on TiO2 film. c 
Oxidation potential in THF solution containing 0.1 M (n-C4H9)4NPF6 were calibrated with 
(Fc/Fc+) as an external reference and taken as the HOMO. d E0-0 derived from the oneset of 
UV-Vis absorption spectrum. e Ered = Eox - E0–0. 
 

Table 2 Photovoltaic parameters of the DSSCs obtained from the J–V curves 

Dyea Jsc (mA cm-2) Voc (mV) FF (%) η (%) 

ZHG5 12.63±0.39 730±2 61.75±0.27 5.64±0.23 
ZHG6 12.06±0.12 734±4 60.06±0.88 5.32±0.10 
ZHG7 7.12±0.17 706±2 54.63±0.22 2.74±0.08 
ZHG7* 9.17±0.24 693±5 53.07±0.78 3.37±0.02 
a The DSSCs are measured under AM 1.5G irradiation, the photoanode was immersed in  

THF/EtOH solution of the ZHG dyes (0.3 mM) for 12 h.* the photoanode was immersed  

in THF/EtOH solution of the 0.3 mM ZHG7+0.5mM CDCA for 12 h. 

 

Table 3 Dye Coverage of the TiO2-Surface, Measured both by Dye Desorption Measurements and by 

XPS 

Dye coverage/ 

mol cm−2 (dye desorption) 

Relative dye coverage 

(dye desorption) 

Relative dye 

coverage (XPS) 

7.6×10-6 1 1 

5.6×10-6 0.74 0.90 

8.3×10-6 1.09 2.00 
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Fig. 1 Chemical structures of ZHG5, ZHG6 and ZHG7. 

 

 

Scheme 1 Reagents and conditions: (a) Pd(PPh3)4, Bis(pinacolato)diboron, KOAc, 1,4-Dioxane, 100 

oC; (b) Pd(PPh3)4, K2CO3, 1,4-Dioxane/H2O, 100 oC; (c) Pd(PPh3)4, KOAc, 1,4-Dioxane, 100 oC; (d) 

Pd(PPh3)4, K2CO3, 1,4-Dioxane/H2O, 100 oC; (e) Pd(PPh3)4, K2CO3, 1,4-Dioxane/H2O, 100 oC; (f) 

AcOH, NH4OAc,120 oC. 
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Fig. 2 (a) UV-Vis absorption spectra of dyes in THF solution. (b) UV-Vis absorption spectra of dyes 

on TiO2 films. 
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Fig. 3 Cyclic voltammograms of dyes in THF. (0.1 M TBAPF6, glassy carbon electrode as working 

electrode, Pt as counter electrode, SCE as reference electrode, scan rate: 100 mV s-1) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 (a) The J–V curves of DSSCs based on ZHG dyes. (b) The IPCE curves of DSSCs based on 

ZHG dyes. 
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Fig. 5 (a) Nyquist plots of DSSCs based on ZHG dyes, the equivalent circuit used in the study. (b) 

Bode phase plots obtained in the dark under bias (-0.7 V) for DSSCs based on ZHG dyes. 
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Fig. 6 (a) The S2p spectra normalized versus the corresponding Ti2p and (b) The Ti2p3/2 photoelectron 

signal originating from the TiO2。 
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Fig. 1 Chemical structures of ZHG5, ZHG6 and ZHG7. 

 

Fig. 2 (a) UV-Vis absorption spectra of dyes in THF solution. (b) UV-Vis absorption spectra of dyes on TiO2 films. 

 

Fig. 3 Cyclic voltammograms of dyes in THF. (0.1 M TBAPF6, glassy carbon electrode as working electrode, Pt as 

counter electrode, SCE as reference electrode, scan rate: 100 mV s-1) 

 

Fig. 4 (a) The J–V curves of DSSCs based on ZHG dyes. (b) The IPCE curves of DSSCs based on ZHG dyes. 

 

Fig. 5 (a) Nyquist plots of DSSCs based on ZHG dyes, the equivalent circuit used in the study. (b) Bode 

phase plots obtained in the dark under bias (-0.7 V) for DSSCs based on ZHG dyes. 

 

Fig. 6 (a) The S2p spectra normalized versus the corresponding Ti2p and (b) The Ti2p3/2 photoelectron signal 

originating from the TiO2。 
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� Three novel dyes are prepared by tuning the steric hindrance of auxiliary donors.  

� Adsorption properties of dyes are studied with X-ray photoelectron spectroscopy. 

� Dye with largest auxiliary donor has the smallest tilt angle on TiO2. 


